Recent research in our laboratory has centered on studies of polyacrylate and polyacrylamide nanoparticle emulsions for use in antibiotic delivery. Our goal is to develop these nanoparticle emulsions for treatment of life-threatening bacterial infections such as those caused by methicillinresistant Staphylococcus aureus. For this intended application it is necessary to ensure that the biological activity of the emulsion is due only to the drug attached to the polymeric chain and not to any extraneous components. To investigate this we evaluated cytotoxicity and microbiological activity of the nanoparticle emulsions before and after purification by centrifugation, dialysis, and gel filtration. Depending on the amount of surfactant used, all or most of the microbial and cellular toxicity can be removed by a simple purification procedure. © 2008 Elsevier Inc. All rights reserved.
The tremendous impact that antibiotics have had on human health is well appreciated.
1,2 However, many microorganisms have rapidly acquired resistance for most of the currently available antimicrobials, 3, 4 displaying an amazing versatility to overcome the cidal or static effects of antibiotics on microbial growth and proliferation. The continuing rise in the numbers and prevalence of drugresistant microbes that cause infections, most notably methicillin-resistant Staphylococcus aureus (MRSA), is further exasperated by the sheer difficulty and expense of developing new antimicrobially active molecules. 5, 6 Moreover, many of the most promising drug candidates suffer from poor water solubility and systemic stability that limits their clinical development. Our laboratory has been working on ways to improve the performance of such antibiotic compounds and to enhance the activity of older classes of antibiotics, using polyacrylate nanoparticles. 7 These nanoparticles can be easily prepared by emulsion polymerization by pre-solubilizing an acrylated derivative of the antibiotic in a warm mixture of butyl acrylate-styrene, adding sodium dodecyl sulfate (SDS) in water, and inducing polymerization with a water-soluble radical initiator such as potassium persulfate.
In our previous studies we characterized several types of antibiotic-conjugated polyacrylate emulsions prepared in this manner by dynamic light scattering (DLS), transmission electron microscopy, scanning electron microscopy, and atomic force microscopy, and showed that they contained nanoparticles measuring 30-60 nm in diameter. Microbiological testing of these emulsions revealed promising growth inhibition against MRSA that related to both the antibiotic structure as well as to the type of covalent linkage to the nanoparticle matrix. [7] [8] [9] [10] At the time we were not able to definitively establish whether the increase in bioactivity (relative to the free drug itself) came solely from the covalently attached antibiotic nanoparticles, from other unidentified materials that may have also been present in the medium, or perhaps from a combination of both. To decipher this is clearly an important objective to more fully assess bioactivity of the nanoparticle-bound drugs, and their potential therapeutic applications. During emulsion polymerization, impurities such as unreacted monomers, surfactant, initiator, salts, and large polymeric aggregates 11 are likely to be present in varying amounts and may contribute to the physical and biological properties of the emulsion. Therefore, we set out to develop methods to remove such potential interferences to ensure that the physical characteristics and biological activity of the emulsion is due to the nanoparticles. Furthermore, purification procedures were required before we could initiate more detailed structural characterization of the emulsified nanoparticles or investigate their application as treatments in animal infection models. 12 In this report we describe purification methods for this purpose, and the effect the purification procedure has on the overall microbiological and cytotoxic properties of the resulting nanoparticle emulsion. In particular we pay close attention to the role that the surfactant, SDS, may have on the antibacterial and cellular toxicity of the nanoparticle emulsions. 13 Although SDS as a surfactant has excellent dispersion properties in the homogenization process, 14 it has been widely reported in the literature that certain concentrations of SDS (and similar surfactants) can display antimicrobial activity 15 due not only to detergent effects on cellular differentiation 16, 17 but to barrier lipids, [18] [19] [20] [21] and can even induce an inflammatory response 14 in studies done in keratinocytes and fibroblast cells. Thus, questions about SDS at the concentration levels used in this nanoparticle formulation must be addressed, and that is a primary focus in this study.
Methods

General procedures
The following starting materials were used for this study: styrene, stabilized p.a. (Acros Organics, Morris Plains, New Jersey), n-butyl acrylate, stabilized 99% (Acros Organics); potassium persulfate, electrophoresis grade (Fisher Bioreagents, Fair Lawn, New Jersey); SDS, 99% (Acros Organics); anthracene-9-carboxylic acid, 96% (Acros Organics); 2-hydroxyethyl acrylate, 96% (Aldrich); diisopropyl azodicarboxylate, 94% (Acros Organics); triphenylphosphine, 99% (Aldrich); tetrahydrofuran, 99.9% (Sigma-Aldrich, St. Louis, Missouri). No further purification of these materials was necessary.
Preparation of the anthracene monomer 1
In a 50-mL round-bottom flask, 150 μL (1.3 mmol) of 2-hydroxyethyl acrylate dissolved in 5 mL of tetrahydrofuran was cooled to 0°C, then 186 μL of diisopropyl azodicarboxylate was added, followed by addition of 250 mg (1.12 mmol) of anthracene-9-carboxylic acid, and 295 mg (1.12 mmol) of triphenylphosphine. The solution was kept at 0°C for 5 hours, and the reaction progress was monitored by thin-layer chromatography. Once the reaction was completed, the solvent was evaporated and the resulting compound was purified by flash column chromatography using hexanes-ethyl acetate (90:10), yielding a yellowish solid in 64% yield with a melting point of 66°C. 1 
Preparation of the polyacrylate nanoparticles
Poly(butyl acrylate-styrene) nanoparticles were prepared by emulsion polymerization as described in previous publications.
7-10 A 7:3 (wt/wt) mixture of butyl acrylate and styrene (total volume 1084 μL) was heated at 80°C for 10 minutes, followed by pre-emulsification in deionized water (4.0 mL) with simultaneous addition of the desired amount of surfactant (10-100 mg, 1-10 wt %) with rapid stirring. After 30 minutes the radical initiator, potassium persulfate (10 mg, 1 wt %), was added to the homogeneous emulsion to induce polymerization. The mixture was then stirred for 6 hours at 80°C. For the anthracene-containing samples, the anthracene acrylate monomer (10-50 mg, 1-5 wt %) was added to the warm 7:3 butyl acrylate-styrene mixture before emulsification in water.
Physicochemical characterization of the emulsions
Particle size analysis of the emulsions was determined by DLS using an UPA 150 Honeywell MicroTrac instrument (Morristown, New York), after diluting the emulsions with deionized water to about 100 μg/mL. Analysis was performed in triplicate (180 seconds per run per sample). Determination of the particle size by (m v ) volume-average, (m n ) number-average and (m a ) area-average was calculated directly by the instrument with the respective standard deviation value. Zeta potential measurements were done in triplicate by micro-electrophoresis on a Brookhaven Zeta-PALS instrument (Brookhaven Instruments Corporation, Holtsville, New York). For these measurements the emulsion was first diluted to 1.5% of its initial solid content (20%). For each sample, 2 × 10 runs were performed.
Dialysis of the emulsions
Spectra/Por dialysis tubing of different pore sizes, including 6K-8K, 12K-14K, 50K, and 100K molecular weight cutoffs (MWCOs), were used (Sigma-Aldrich). Different dialysis times were examined, from 6 hours to 48 hours, to determine the optimal duration of dialysis.
Centrifugation of the emulsions
Centrifugation was carried out using an Eppendorf centrifuge 5415D at 13,000 rpm (16,000 g) for 30 minutes in 2.0 mL Eppendorf Safe-Lock centrifugation tubes (Eppendorf AG, Hamburg, Germany). Additionally, centrifugation was evaluated at higher centrifugal forces using Nanosep centrifugal devices from PALL Life Sciences (Ann Arbor, Michigan): 10K, 30K, 100K, 300K, and 1000K.
Measuring the solid content of the emulsions
Solid content of each nanoparticle emulsion was determined by freeze-drying a weighed 2-mL volume of emulsion on a Virtis Sentra Freezemobile 12XL instrument for 24 hours, and the dried residue was then weighed on a Sartorius CP124S balance (Edgewoods, New York). The wt % was calculated by dividing the dried weight by the initial weight of the emulsion, and multiplying by 100.
Measuring anthracene concentrations in the emulsions
The concentration of anthracene in the emulsions was determined after each purification procedure on a UV-2401PC, Shimadzu UV-VIS recording spectrophotometer (Kyoto, Japan), after diluting the original sample by 100-fold with deionized water to reach the linear range of the calibration curve.
Assay of in vitro microbiological activity of the nanoparticle emulsions against S. aureus and MRSA
The minimum inhibitory concentration (MIC) of each emulsion against S. aureus and MRSA was determined by serial dilution, according to NCCLS protocols. 22 The test medium was prepared by adding the test emulsion to the appropriate volume of Mueller Hinton broth. The total volume in each tube was 1. 6 CFU/mL. The dilution tubes were inoculated with an equal volume of the inoculum (1.0 mL), resulting in a final bacterial concentration of 5 × 10 CFU/mL. The tubes were incubated at 37°C for 16-20 hours. After incubation, the absorbance was read at 625 nm to determine the MIC. The MIC was determined as the lowest concentration of emulsion (zero absorbance) that completely inhibited bacterial growth in the tubes.
Assay of in vitro cytotoxicity of the nanoparticle emulsions
Cytotoxicity of the nanoparticle emulsions was evaluated using either human dermal fibroblasts or keratinocytes, which were grown in Dulbecco's Modified Eagle Medium (DMEM) at 37°C with a 5% CO 2 atmosphere for several days until cells were confluent. The cells were harvested and resuspended in DMEM containing 10% fetal bovine serum (FBS) and 0.1% gentamicin. The cells were counted using a hemacytometer, the total number of cells was determined, and the cells were seeded into 96-well plates at 50,000 cells per well. Each well contained 150 μL DMEM with 10% FBS and 0.1% gentamicin. Cells were allowed to grow for 4-6 hours before treatment with the nanoparticle emulsions. The emulsions being assayed were added directly to the medium in each well at the following dilutions (volume of emulsion to volume of medium): 1:150, 1:125, 1:100, 1:75, 1:50, and 1:25. Testing of each emulsion at each concentration was performed in triplicate. On each 96-well plate, three wells were left untreated for use in calculating the 100% absorbance value. The plates were then incubated for 48 hours and observed under the microscope at various time points. A 5 mg/mL solution of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) in phosphate-buffered saline was prepared, and 15 μL (10% of the total culture volume) were added to each well except those designated as instrument blanks. The plates were incubated for 4 hours to allow sufficient time for the conversion of the MTT dye (yellow liquid) to the water-insoluble formazan derivative, 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan (purple solid), by the mitochondrial dehydrogenases in the living cells. After incubation, purple crystals were observed and the medium was removed from each well by aspiration. The crystals were then dissolved by adding 100 μL dimethyl sulfoxide (DMSO) to each well. DMSO was also added to the wells designated as blanks. Viable cell count was determined spectrophotometrically using a microplate reader by measuring the absorbance at two discrete wavelengths (595 and 630 nm). For each emulsion at each concentration, the absorbance values were averaged and the percentage cell viability was determined as a percentage of the average absorbance obtained from the untreated cells.
Results
The concentration of surfactant used for preparing the polyacrylate emulsion plays an important role, not only in stabilizing the final emulsion but also in promoting formation of micelles wherein the molecule of interest, an antibiotic for example, may migrate into during the emulsification process. Because of the intended application of this type of emulsion as a drug delivery system, it is necessary to evaluate any biological activity the surfactant and other components may have within the emulsion itself. Polyacrylates are commonly used in biomedical applications, but toxicity associated with nanoparticle forms has not been systematically determined. Likewise, evaluation of microcidal activity and cytotoxicity of surfactants, though thoroughly investigated, requires closer scrutiny in terms of their utilization in nanoparticlebased drug delivery. Indeed, it has been observed before that the toxicity of surfactants, including SDS in particular, depends on whether they are unassociated (in bulk medium) or bound to the surface of nanoparticles. 14 A variety of methods to purify nanoparticles have been reported in the literature, including centrifugation, 23 ultracentrifugation, 24 gel filtration, 12 ultrafiltration, 25 dialysis, 26 diafiltration centrifugal device, and tangential flow filtration. 27 The various applications and sample compositions make it difficult to predetermine an effective, standardized, and practical purification method for the polyacrylate system. In fact, given the nature of the different potential impurities (small molecule contaminants versus large amorphous aggregates), we considered the possibility of using a combination of purification methods.
We first attempted to purify the nanoparticle emulsions by simple extraction with organic solvents. The hope was to remove any residual contaminants such as unreacted monomers or organic-soluble materials in the medium and to quantify the effects of the extraction on nanoparticle size, structure, and bioactivity. Common solvents such as methylene chloride and ethyl acetate led to significant loss of solid content from the aqueous emulsion, with what appeared to be coagulation of the polymerized or oligomeric material as a pasty white film, whereas cyclohexane seemed to work in that it did not change the appearance of the emulsion even after 72 hours of continuous extraction. NMR analysis of the extract showed small amounts of butyl acrylate and styrene, and for drug-containing samples, minute amounts (b1%) of the unreacted drug acrylate. This confirmed our previous NMR studies, which suggested that nearly all of the drug acrylate used for the polymerization was covalently incorporated into the prepared polyacrylate matrix. Atomic force microscopic imaging of the samples showed that the average particle sizes and spherical morphology of the nanoparticles were essentially the same for the cyclohexane-extracted and untreated samples. The removal of the small amount of drug acrylate from the drug-containing polyacrylate emulsions resulted in only a minimal decrease in anti-Staphylococcal activity. From this initial investigation we learned that cyclohexane can be used to extract residual organics (unreacted monomers) from the freshly prepared nanoparticle emulsions without damaging or altering the size, morphology, or microbiological effects of the nanoparticles.
In follow-up to this we conducted cytotoxicity studies of the original and extracted emulsions against human dermal fibroblasts. We observed that emulsions formulated with 3wt % to 5 wt % SDS produced a thin precipitate on the surface of the fibroblast cells that inhibited their ability to elongate properly onto the glass surface. We correlated this to the presence of some excess (unassociated) SDS in the emulsion, in that the same results were obtained when fibroblasts were treated with a saline solution doped with 1% to 3% (by weight) of SDS, but not with a freshly-prepared emulsion of poly(butyl acrylate-styrene) formulated with only 1 wt % SDS. This agrees with a prior report that SDS in aqueous medium is cytotoxic, but SDS associated with a matrix such as a polymeric nanoparticle is not.
14 This led us to consider the possibility that any unassociated (toxic) SDS present in the emulsion could perhaps be removed after the formation of the nanoparticle by polymerization, so as to decrease cytotoxic effects without changing the morphological or microbiological features of the emulsified nanoparticles. Thus, our focus turned to ways to remove SDS and non-nanoparticle contaminants (oligomers, nonstabilized polymers, along with residual unreacted monomers) from the emulsion.
After several trials of testing different purification conditions and techniques, we found that the poly(butyl acrylate-styrene) nanoparticle emulsions could be effectively purified by a combination of mild centrifugation and dialysis. The centrifugation time and force (rpm or g's) could be adjusted until consistent results were obtained. The purification protocol began with a centrifugation of the initial (unpurified) nanoparticle emulsion at 16,000 g for 30 minutes to remove large polymeric aggregates formed during the polymerization process. Sample volumes of 2 mL or less were most conveniently centrifuged using a standard-model benchtop microcentrifuge (Figure 1 ). We found that longer centrifugation times or stronger centrifugal forces were unnecessary and did not improve separation. The supernatant that was obtained by decantation was then subjected to dialysis to remove excess surfactant as well as initiator and small molecule contaminants from the emulsion (Figure 2) . Several different pore sizes were examined, ranging from MWCOs of 6-8K, 12-14K, 50K, and 100K. Dialysis times were also varied from 2 to 24 hours, with samples removed for analysis every 2 hours. Finally, the material recovered from the dialysis bag was subjected to a second mild centrifugation at 16,000 g for 30 minutes to remove residual cloudy material that sometimes appears after dialysis. The resulting emulsions are much more transparent and suitable for biological screening. We found that it is also possible to include a final gel filtration step to further refine the product. However, analysis of the gel-filtered samples by DLS showed a unique population of particles (∼13 nm) when this final gel filtration step was included in the purification scheme. Interestingly, we did not find this unique population in the absence of gel filtration.
To quantify the amount of co-monomer (e.g., acrylated drug) remaining in the nanoparticle emulsion after each step of purification, we used an ultraviolet (UV)-active, fluorescent acrylate monomer 1 (as a drug equivalent), which was prepared from anthracene-9-carboxylic acid as shown in Figure 3 . The selection of this particular UV-and fluorescentactive chromophore was based on its similar overall size and lipophilic nature to that of the drug co-monomers we typically use for preparing antibiotic-conjugated nanoparticles. [7] [8] [9] [10] Using this labeled monomer, UV-and fluorescently active nanoparticles could be produced (using 1 wt % of labeled acrylate 1), so we could easily monitor the "drug" concentrations in the emulsion throughout the purification process. Thus, anthracene-labeled samples were subjected to the same purification techniques as the nonlabeled system to conduct these studies. We began these investigations by preparing drug-free polyacrylate emulsions of 7:3 (wt/wt) butyl acrylate-styrene by varying the SDS concentration from 1 wt % to 10 wt %. We immediately noticed that the physical appearance of the emulsion becomes progressively less cloudy as the SDS concentration is incrementally increased from 1 wt % to 10 wt %, indicating decreasing aggregate formation in the medium. This correlates with the results of DLS studies, which show that the size of the nanoparticles steadily decreases as SDS concentrations are increased from 1 wt % (∼57 nm) to 3 wt % (∼42 nm) to 10 wt % (∼33 nm). After each stage of purification (initial centrifugation, dialysis, and final centrifugation), DLS was performed on the samples. The data show that the average diameters and the surface charges of the nanoparticles in these emulsions do not change throughout the purification stages. This indicates that the emulsions are unaltered with respect to the nature of the nanoparticles present, regardless of the state of purity of the aqueous medium.
Next, we set out to determine how much of the solid particulate in the emulsion was being removed upon purification. For this study, a standard poly(butyl acrylatestyrene) emulsion was prepared with 3 wt % of SDS and centrifuged at 16,000 g for 30 minutes, and then divided into equivolume (2 mL) portions. Each portion was put into one of four different pore size dialysis membrane tubing (6-8K, 12-14K, 50K, 100K MWCOs). Each bag was then placed in a beaker and dialyzed into 400 mL of deionized water with rapid stirring; the water was changed every 2 hours. At the end of the dialysis period (2-24 hours), the contents of each bag was emptied and lyophilized to determine the final dry mass of the remaining material. We found that the initial centrifugation removes less than 10% of the overall solid content (presumed to be primarily large particulates), depending on how cloudy and nonhomogeneous the original emulsion was (10% SDS b 5% SDS b 3% SDS b 1% SDS), whereas subsequent dialysis more significantly reduces the amount of solid material. In fact, almost half of the solid content in the supernatant can be removed during just 8-10 hours of dialysis, depending on the membrane pore size. It seems that the 6-8K MWCO, the 12-14K MWCO, and the 50K MWCO membranes all have similar properties, each leading to the loss of about 50% of the solid content within a 10-hour period of dialysis. On the other hand, use of the 100K MWCO dialysis membrane causes a much more rapid and complete loss of solid material (∼80%) just within the first 2 hours.
This study was then repeated with a similar emulsion containing the anthracene label to quantify how much of the co-monomer is being retained in the solid material during purification. We measured the concentration of the anthracene label (as a model for a small lipophilic drug molecule) spectroscopically at different stages of purification. Calibration curves were first prepared using different amounts of anthracene monomer 1 so as to determine the linear range corresponding to the final concentration of anthracene being introduced into the nanoparticle matrix. Figure 4 illustrates the standardized UV and fluorescence curves for nanoparticle emulsions prepared by adding a calculated amount of anthracene monomer 1 to a pre-made diluted sample of the 7:3 wt/wt butyl acrylate-styrene nanoparticle emulsion. The emulsion was first diluted 100-fold to reduce loss due to light scattering.
Whereas the standardized UV absorption curve shows a linear relationship between intensity absorbance and anthracene concentration, fluorescence shows a parabolic response most likely due to quantum quenching at higher concentrations. Therefore, UV absorbance was chosen as the parameter for monitoring anthracene concentration in the emulsion. To determine the optimal concentration of anthracene monomer to use in these model experiments, we first had to evaluate how much could be introduced covalently into the matrix as a function of SDS concentration. We observed that when 1% SDS was used in the nanoparticle formation, the initial (unpurified) emulsion was very milky, and UV absorption of the sample (even when diluted 100-fold) suffered from severe light scattering. However, when the concentration of SDS in the emulsion was 3 wt % or greater, UV absorption values were essentially identical to those in Figure 3 (after 100-fold dilution). Next, we ran experiments to evaluate the limits in the anthracene concentration that could be covalently introduced into the nanoparticle matrix. For the emulsion containing 3 wt % of SDS it was possible to completely incorporate up to 1 wt % of the anthracene monomer 1 into the polymeric framework; attempts to use more than 3 wt % led to unstable, nonhomogeneous mixtures. For the emulsion made with 10 wt % of SDS, up to 3 wt % of the anthracene monomer 1 could be introduced into a stable emulsion.
In our previous experiments with the nonlabeled nanoparticle emulsions we found that most of the solid material loss from the emulsion occurs during the first 10 hours of dialysis, but not as a result of centrifugation. Using the anthracene-labeled samples, we next repeated the purification steps to see if the rate of loss of the anthracene-labeled components in the emulsion during purification might be comparable to the rate of loss of the solid content. The issue was whether the anthracene monomer (as a drug model) is equally distributed in the various solid materials in the emulsion, or selectively into the nanoparticle matrix. For this evaluation, we used the UV-labeled emulsion containing 3 wt % of SDS and 1 wt % of anthracene monomer, and calculated the amount of remaining concentration from UV absorption measurements (after 100-fold dilution of the sample). In Figure 5 we plot the rate of loss of the anthracene-labeled material in the emulsion during centrifugation (denoted as A to B on the x-axis) and at different time points during dialysis (2-4 hours) as a function of dialysis tubing MWCO.
Once again we see that the initial centrifugation removes less than 10% of the original anthracene-labeled material. This material is primarily from the large nonstabilized aggregates that cause cloudiness in the emulsion. As expected, dialysis removes considerably more of the solid content, and along with it a corresponding amount of the anthracene-labeled material. It seems that the rate of loss of anthracene label corresponds to the rate of loss of solid content observed in the previous experiment, indicating that the anthracene label seems to be nearly equally distributed throughout all polymerized material in the medium. Moreover, as before, the extent of this loss depends on the MWCO of the dialysis tubing and the duration of dialysis.
Evaluation of microbiological activities of nanoparticle emulsions
Even though the nanoparticle emulsions examined in this study do not contain an antibiotic per se, the presence of a surfactant and potentially other bactericidal components caused us to look into possible antimicrobial effects. Initially, in vitro testing of the polyacrylate emulsions did in fact determine that the unpurified emulsions do have some antimicrobial activity of their own. This was studied by determining the broth MIC value of the emulsified nanoparticle against S. aureus (ATCC 25923) and MRSA (ATCC 43300). In particular, the emulsion containing 10 wt % of SDS affords an MIC of about 16 μg/mL against both S. aureus and MRSA, indicating that even without an antibiotic the unpurified emulsion possesses antimicrobial activity at this unusually high surfactant concentration (10 wt %). This is not unexpected given the well-known microcidal effects of SDS as a detergent. 19, 28 As anticipated, bactericidal activity drops rapidly as the surfactant concentration is diminished, with the emulsions that contain 5, 3, and 1 wt % of SDS having MICs of 32, 64, and 128 μg/mL, respectively, against S. aureus and MRSA.
We then tested the same emulsions after subjecting them to the purification protocol of centrifugation for 30 minutes at 16,000 g, dialysis for 8 hours in a 50K-MWCO dialysis tubing, and centrifugation for 30 minutes at 16,000 g. None of the purified emulsions containing 1, 3, 5, and 10 wt % of SDS showed antimicrobial activity below 128 μg/mL, confirming that the original biocidal activity of the unpurified samples is due to components such as free (unassociated) surfactant in the bulk medium that can be removed by purification.
Cytotoxicity studies of emulsions prepared with different concentrations of SDS Next, we wanted to learn more about the potential effects of the nanoparticle emulsions on human tissue, which ultimately is a decisive factor in whether these nanoparticles can be used for human drug therapy. Thus, in vitro cytotoxicity studies were conducted with the unpurified and purified emulsions against keratinocytes as our toxicity screen. Keratinocytes are more sensitive to the effects of surfactants such as SDS than fibroblasts, and thus seemed to be a better indicator of nanoparticle toxicity for this study. This was done by subjecting cultured keratinocytes to different concentrations of the emulsions (unpurified versus purified) for 48 hours and determining cell viability by MTT assay. The results are shown in Figure 6 . Clearly, cytotoxicity of the nanoparticles increased in relation to the amount of SDS used for polymerization. Cell viability measurements indicate that unpurified nanoparticle emulsions prepared with 5, 7, or 10 wt % of SDS killed more than 80% of the cells after 48 hours (bottom line), whereas the 3 wt % and 1 wt % SDS emulsions however, were much less toxic. Even at 3 wt %, SDS-containing emulsions reduced cell viability by almost 50%. After purification of the emulsions as outlined above, however, only those made with 1-3 wt % of SDS were completely nontoxic in this assay, whereas those made with 7-10 wt % of SDS remained cytotoxic. At around 5 wt % about half the cells were unaffected after 48 hours. This data suggests that even though the purified emulsions were all effectively microbiologically inactive against S. aureus and MRSA, those having more than 3 wt % of SDS remained cytotoxic to human keratinocytes even after purification. This provides important insight in terms of the design and intended use of SDS-stabilized polyacrylate nanoparticles as a drug delivery motif.
Discussion
The initial purpose of this study was to understand the role of the nanoparticles in antibacterial activity. Achieving this required a means for removing potential interferences in the bioassays. In fact, removing the antibiotic molecule from the nanoparticle preparation did not remove all the microbiological effects, which we have now traced to the presence of impurities (mostly SDS surfactant). With proper purification the emulsions can be cleansed satisfactorily to Figure 6 . Cytotoxicity profile of the emulsions prepared with different concentrations of SDS, tested in keratinocytes, 1:100 dilution, 50,000 cells/ well, 150 μL DMEM, 10% FBS, and 0.1% gentamicin, 48 hours of incubation, 37°C, 5% CO 2 , measured at 595 and 630 nm.
permit a more detailed examination of the microbiological properties and in vivo efficacies of antibiotic-conjugated nanoparticle emulsions, without these spurious interferences. This is now being conducted in our laboratory. The antibacterial activity and cytotoxicity of the emulsions was evaluated at different concentrations of SDS. When the concentration of the surfactant during the nanoparticle formation is greater than 3 wt % the cytotoxicity increases significantly. The established purification protocol of mild centrifugation-overnight dialysis-mild centrifugation was effective in reducing unwanted microbiological activity and cellular toxicity in emulsions having SDS concentrations at or below 3 wt %. Observation that higher concentrations of surfactant used in forming the nanoparticles leads to smaller particle size may come into play as well, in that particle size in itself may very well dictate the toxicity and drug delivery capabilities of nanomaterials particularly for systemic applications. Again, the amount of free surfactant versus nanoparticle-bound surfactant on bioactivity is likely to be important, and this in turn relates to nanoparticle dimensions and composition. Clearly more studies on this are needed. In vivo experiments are now being conducted in our laboratory to assess this.
We also have learned from this study that as solid (polymeric) material is removed from the emulsion during purification, the rate of loss of anthracene (and thus antibiotic, if used) is comparable, indicating that the anthracene (drug) is incorporated almost equally into the nanoparticle polymer as in the various oligomeric and polymeric chains present in the initial emulsion (which are removed by purification). This allows us to more accurately estimate the concentration of covalently bound anthracene (drug) in the final nanoparticle emulsion after purification for biological experiments. Thus, even though about half of the solid (polymeric) content is lost by purification, the final (nearly transparent) sample does not cause coagulation and is highly enriched in the nanoparticle component. These purification procedures are being used in our laboratory currently to prepare drug-conjugated nanoparticles for in vivo studies in various animal infection models.
